INTRODUCTION
The c-Jun N-terminal kinase (JNK 1 , also called stress-activated protein kinase, SAPK) family belongs to the mitogen-activated protein kinase (MAPK) superfamily, which also includes extracellular signal-regulated kinases (ERKs) and the p38-MAPK family (reviewed in 1,2). The JNK pathway responds to diverse stimuli including mitogenic stimuli, fluid shearing, pro-inflammatory cytokines, and environmental stresses including various apoptotic stimuli (reviewed in 1-3). Human JNKs are encoded by three genes, jnk1, jnk2, and jnk3 (4-7). JNK1
and JNK2 are ubiquitously expressed in many tissues, while JNK3 is predominantly expressed in neuronal tissues. Ten isoforms of JNK are generated by alternative splicing of the transcripts from the three genes (7) . The known JNK pathway consists of JNKs and various MAPK kinases (MAP2Ks), MAPK kinase kinases (MAP3Ks), and MAPK kinase kinase kinases (MAP4Ks), which may mediate signals induced by distinct stimuli (reviewed in 1, 8) . Like other MAPKs, activated JNK can be dephosphorylated and inactivated by dual-specificity phosphatases (DSPs) (reviewed in 9). The family of DSPs is still expanding. Currently, the DSPs known to inactivate JNK include MAPK phosphatase-1 (MKP-1), MKP-2, MKP-5, MKP-6, MKP-7, VHR, and M3/6 (also called VH5) (9) (10) (11) (12) .
JNK activation is observed in apoptosis induced by a variety of stimuli in various cell types (2, 13) . Interference with the JNK pathway by antisense oligos to JNK or the dominantnegative mutant of MEKK1, MKK4, or JNK1 suppresses apoptosis (14) (15) (16) (17) . These results indicate the importance of the JNK pathway in apoptotic signaling. Mice whose endogenous cjun has been replaced by a mutant jun allele (jun AA), which with serines 63 and 73 (the major JNK targets) mutated to alanines, are resistant to neuronal apoptosis induced by excitatory amino acid kainite (18) . Jun AA fibroblasts are also resistant to UV-induced apoptosis (18) . jnk3-by guest on November 6, 2017 http://www.jbc.org/ Downloaded from 4 deficient mice are resistant to excitotoxicity-induced neuron apoptosis (19) . In addition, jnk1 -/-T cells hyper-proliferate and exhibit decreased activation-induced apoptosis (20) . The jnk1/jnk3
and jnk2/jnk3 deficient mice develop normally (21) ; however, jnk1/jnk2 deficient mice are embryonically lethal and have severe dysregulation of apoptosis in the brain (21) . Murine embryonic fibroblasts from jnk1/jnk2 deficient mice are resistant to apoptosis induced by UV-C, anisomycin, and mitomycin C (22) . Furthermore, cytochrome c release from mitochondria is not detected in UV-treated jnk1/jnk2 deficient cells, suggesting that JNK is required for cytochrome c release (22) .
Dietary isothiocyanates are effective chemopreventive agents against carcinogenesis caused by various compounds, including nitrosamines and polycyclic aromatic hydrocarbons (reviewed in 23). Isothiocyanates inhibit cancer formation in rat lung, esophagus, mammary gland, liver, small intestine, colon, and bladder (24) (25) (26) (27) (28) . Studies suggest that isothiocyanates may inhibit enzymes (e.g., cytochrome p-450 isoforms) that are required for the bioactivation of carcinogens (29, 30) . In addition, isothiocyanates may increase the carcinogen excretion or detoxification by inducing the phase II detoxifying enzymes, including glutathione S-transferase (GST), quinone reductase, epoxide hydrolase, and UDP-glucuronosyltransferase (30) (31) (32) .
Previously, we reported that phenylmethyl isothiocyanate (benzyl isothiocyanate; PMITC) and phenylethyl isothiocyanate (PEITC) are capable of inducing persistent JNK activation and apoptosis in various cell types (33, 34) . Interference with the JNK pathway suppresses isothiocyanate-induced apoptosis (34 glycerophosphate, 1% Triton X-100, 1 mM dithiothreitol, 2 µg/ml leupeptine, 5 µg/ml aprotinin, 1 mM phenylmethylsulfonyl fluoride [PMSF] , and 1 mM Na 3 VO 4 ). The cell extracts were kept on ice and vigorously vortexed every 5 min for 20 min. The extract was cleared by centrifugation at 14,000 g for 10 min, and the supernatant was stored at -80°C. JNK assays were performed as described previously (35) . MKK4 (or MKK7) assays were carried out similarly as JNK assays, except that the transfected Flag-MKK4 (or MKK7) was affinity purified by anti-Flag immunoprecipitation, and the assays were performed using the recombinant GST-SAPK(KR) protein (4 µg per reaction) as a substrate.
Depletion of Cellular ATP   ATP depletion was performed as described with modifications (45-47). Cells, with or without pretreatments, were washed once with phosphate buffered saline (PBS) preheated to 37°C, and then incubated in PBS containing 15 µM rotenone (Sigma) and 25 mM 2-deoxy-D-glucose (Sigma) for indicated times to inhibit ATP synthesis. proteins (48, 49) . Three methods were used to examine PEITC-induced apoptosis in these prostate cancer cell lines (Fig. 1) . Using flow cytometry analyses, we detected apoptosis induction, as defined by the appearance of cells with a sub-G1 staining pattern, in all four prostate cancer cell lines (Fig. 1A) . Apoptosis was also observed in all the tested cell lines using the cleavage of HIP-55 (hematopoietic progenitor kinase 1-interacting protein of 55 kDa), a known substrate of caspases (37) , as a readout for caspase activation (Fig. 1B) . Furthermore, DNA fragmentation, a hallmark event in apoptotic cells, was also detected in the four cell lines treated with PEITC (Fig. 1C) . These results reveal that PEITC can induce apoptosis regardless of the p53 status of the target cells.
RESULTS

PEITC
We observed sustained JNK activation, which has been shown to be involved in apoptosis induction, by PEITC in all four tested cell lines ( Fig. 2A) . We further examined whether PEITC induced the expression of cyclin dependent kinase inhibitor p21, a p53-dependent gene. LNCaP cells were treated with various doses (2.5-40 µM) of PEITC for 24 h, and the expression levels of p21 were examined by Western blotting (Fig. 2B ). The expression of p21 in LNCaP cells exposed to γ radiation was used as a positive control. In contrast to the strong p21 expression induced by γ radiation, the induction of p21 was not significant (2-fold induction) in PEITC-treated LNCaP cells (Fig. 2B) . Our results indicate that PEITC-induced JNK activation and apoptosis are not dependent on the presence of functional p53 proteins. In addition, unlike γ radiation, PEITC did not induce significant p21 expression. These results suggest that PEITC induces apoptotic signaling through a mechanism distinct from that used by DNA-damaging agents.
9 were examined by immunocomplex kinase assays using GST-SAPK(KR) (a kinase-dead JNK fusion protein) as a substrate. Although UV-C induced evident MKK4 and MKK7 activation, we did not observe any significant activation of MKK4 and MKK7 by PEITC (Fig. 7A ). This result suggests that activation of JNK upstream kinases may not be the major mechanism for JNK activation by PEITC.
Establishments of LNCaP Clones that Are Resistant to Genotoxic Agents
It is also possible that PEITC may activate JNK directly. We tested this possibility by examining the effect of PEITC on recombinant JNK proteins. GST-SAPK (JNK) proteins were exposed to various doses of PEITC, and then were subjected to kinase assays using GST-Jun ( with UV-C (Fig. 8, A and C) . In contrast, the decrease of JNK activity was slower in cells treated with PEITC post ATP depletion (Fig. 8, A and C) . Similar results were observed in LNCaP cells treated with PEITC or UV-C (Fig. 8, B and C). These results suggest that the inactivation rate of JNK is slower in cells treated with PEITC in comparison with that in UV-C-treated cells.
Because the inactivation of JNK is mainly controlled by dual-specificity phosphatases, which dephosphorylate JNK at the Thr-Pro-Tyr motif (9), we examined whether JNK dephosphorylation was suppressed in PEITC-treated cells. The JNK phosphorylation status was examined by Western blot analyses using a monoclonal antibody specifically recognized JNK that was phosphorylated at the Thr-Pro-Tyr motif. Consistent with the results of kinase assays (Fig. 8, A-C) , the dephosphorylation of JNK in PEITC-treated cells post ATP depletion was slower in comparison with that in UV-C-treated cells (Fig. 8, D and E). Taken together, these results suggest that PEITC activates JNK through suppressing the dephosphorylation and inactivation process of JNK proteins.
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Our previous result indicates that PEITC may cause oxidative stress (34) , which is involved in the inhibition of protein tyrosine phosphatases and dual-specificity phosphatases (35, 50, 51) . It is possible that PEITC may induce suppression of multiple protein tyrosine phosphatases and, subsequently, activation of tyrosine kinases and many downstream events. To examine this possibility, we studied the pattern of protein tyrosine phosphorylation in PEITC treated LNCaP cells. Unlike non-specific phosphatase inhibitor pervanadate (52), which induced a wide spectrum of protein tyrosine phosphorylation (Fig. 8F ), PEITC induced a limited and distinct pattern of protein tyrosine phosphorylation (with apparent molecular weights of 185, 75, 43 kDa, as indicated by asterisks from top to bottom; Fig. 8F ). This result suggests that, unlike non-specific phosphatase inhibitor pervanadate, PEITC may cause the inhibition of selective protein phosphatases. This result and the lack of activation of MKK4 and MKK7 by PEITC (Fig.   7A ) also suggest that activation of JNK upstream regulators through protein tyrosine kinases is unlikely to be the cause of PEITC-induced JNK activation.
JNK Phosphatase M3/6 is Down-regulated by PEITC via a Proteasome-dependent
Mechanism. M3/6, a JNK phosphatase, is down-regulated by oxidative stress and many other stimuli (35, 51, 53) . We examined whether PEITC had a suppressive effect on M3/6. Myc-tagged M3/6 was expressed in HEK293 cells, which are susceptible to PEITC-induced and JNKmediated apoptosis (34) . The transfected HEK293 cells were then treated with PEITC or UV-C, and the expression levels of M3/6 were examined by Western blotting. We found that the expression levels of M3/6 were decreased by PEITC, but were not affected by UV-C treatment (Fig. 9A) . As a control, the expression of another protein phosphatase, PP4, was not affected by the PEITC treatment (Fig. 9A ). This result indicates that M3/6, a JNK-specific phosphatase, is down-regulated by PEITC. Previously, we reported that JNK is involved in and required for apoptosis induced by dietary isothiocyanates (34) . In this study, we examined the effect of a dietary isothiocyanate, phenylethyl isothiocyanate (PEITC), on various prostate cancer cell lines including LNCaP, PC-3, DU145 and Tsu-Pr1. We found that PEITC induced persistent JNK activation and apoptosis in all tested cell lines regardless of their p53 statuses ( Figs. 1 and 2A ). In addition, unlike γ radiation, PEITC did not induce significant p21 expression, a p53-dependent phenomenon, in
LNCaP cells (Fig. 2B) . These results suggest that functional p53 is not required for PEITCinduced apoptosis, and that PEITC may not induce p53-dependent responses. This finding is consistent with the report by Xu and Thornalley (55), but is different from the conclusion by
Huang et al. (56) . Further study is needed to determine whether the discrepancy is due to the differences among cell types. Our data also indicate that PEITC induced JNK-mediated apoptotic signaling through a distinct mechanism from that used by DNA-damaging agents, because PEITC was capable of inducing comparable JNK activation and apoptosis in genotoxic-resistant
LNCaP cell clones in comparison with parental LNCaP cells (Figs, 3-6).
Our results indicate that upstream kinases for JNK are not the primary targets of PEITC, because direct JNK kinases, MKK4 and MKK7, were not activated significantly by PEITC. We also did not detect a direct activation of JNK by PEITC (Fig. 7) . However, we detected a decrease in the JNK-dephosphorylation (inactivation) rate in PEITC-treated prostate cancer cells (Fig. 8) . The inactivation of JNK was mainly controlled by JNK phosphatases, especially those 15 belonging to the dual-specificity phosphatase (DSP) family (9) (10) (11) (12) . In addition to DSPs, protein serine/ threonine phosphatases and tyrosine phosphatases may also inactivate JNK (9) . We found that M3/6, a JNK-inactivating DSP (57), was down-regulated by PEITC in a transfection system (Fig. 9) . Our data indicate that PEITC induces the decrease of M3/6 through a proteasomedependent mechanism (Fig. 9, A and B) . However, this proteasome-mediated degradation could be a secondary event resulting from the primary effect of PEITC on M3/6. A mobility shift of by guest on November 6, 2017
